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Abstract——

There are a number C: possible industria”i and scientific ,]pi)lic~tions oi n’anosc~:nnd ciner,?dlo(;r~pn~. !Jhil(:
the technology cxlsts t’j producr cl::,eiy ip~cccl Gu15es of x rays fur ‘his ao[]lic,:~,icn,~he qu,]li~,,~nf’ the
time-rcs~lved radi’~gr~plls i~ severe):; limited. IIle liflljf.~ti~rls~ri j~ 1:.():;]~i)c I:uI.Q*,LI:.:/u;” ~;’iin,:,3 l-ltiorc;-
cent scrcwn tu col,vurc thu trans:;:it:?,lA rd:/s to light an~ triC!l ur,i,,q Clt!CI1’:)-:)i,t~~Jl iwr:in(] 5/5 LPl;i S to I:dL(?

and to record the !md~es wit-h collh’cn:im?! hiqll-speed c~i.c;.as. ;‘.niI~ bI’IY :ll’o;):l’.I2d Lhd L jfl dUJj L;OfI L3 [;IIJ

time-resolved i;:li~;~’i,a con~entiona, lr;ultiply-~>.:)(]s(:aIS2lin,~t-.:,l;nLe c[l;Jir]u.j. T~ll\ T.’IJI)CI’
dcimmstrate tll~t

,Ii(?j!,l!:ili]d),ion5 L{)
t?:t Jddl T.10ndi 111~.’:’:hl~l,)ll SU\J: ! ~l:d by trl(! i:, UjLl!Jl \/-,. !/. ~)OSl, d r,!:, ,., ~ ~]!j )*.J :)1] .. Jr, ;,,,J :l\cd :() ;::; ;) I’OV(,

the quali Ly of di(;iiill ir:a!lercstfir.~tions of LIM? tiIc-II!c,olJII(Ii,i L.:., Jr.[:~ L,J,,I. ‘wIId?. cu{jil]lJII,+ctli,lvrdwitt) i-l]:
degraded irl]aqes:lonu. 2jL~cduse 01- ..712 ne~)d t’or il,rdgere:!lStr’,l Li(~ll dIId t.lib~cr ,.nd I.It Lt.Ll:l>ttif’,:lllLil>llh, Li)is

oroblem is one whicli can best bc suived on a digitd], ah opposed to iInoi)tic~l, co::lpu:er.

Introduction—.——___

At the Los A1.ni:IosScientific L(?;~ratory (LASL) ruvcl i;]!a:;(!pr,)ul,~,sinq E(!cl:ni(i(l[,l,,]rc ,)ftcn d(!v,.lor)(?dt(l
SOIVC prOblfNiS arisinq 1:(~,-c,;L:,~(l(iil~:,r(:l,]l!?(!in i.ileunique l! XpCt_li!!(?nt-S b(:in(l,.,lrril!(l[I IJ:, ,It tllflt. I :i)(ll,ltl;~.v.
to improving a L7,5L r,lr!iogr~)hic I-,ociiity r,)i<i,, 1 an il;~.(,l’ui,lillqi:’l,!!lc;))’I)CI:,,:,I!IIIi~,j(,,,Li~,l).L(IIII(I,)!:lllti;]l:~-
exposd, bIIL olilrwi{.o llll(iovr;tdl~(l, r..,j[!~~h~ IIF,,I!I to i:.!)rn,:(,IIII>II:irtli!,f,l!”,:i,!il,ll,.II.lrr,Il!,II1<fIi ,lll.!r,I,I(lll
vcrsion~ of Lhm il:Ci’/ic!l,?l‘;c~!nrti!’,L;:? :i~li:;;:!,, 1;. .1:!(’. : :;ucr! Lilt! r,,u!:ilII;: ,,,}!;:,:,;.:;:I’ i; ,IIIIILIJI,,II III:(JI,..I-
tion, tbc in+uiti;l. ,irl,;~,?rI-.“yet!” riiis !J?IIUI.(l(ll:.r.)ll:jl.t”rlt,,jL!li$ IIIIIIIL. ,!I,,;CI’lI,!!,1,1,ii, :flrlit l,:: !.11

usc the a.tuiLion(ll I furl”ldtlun in ttc !I)u!tipl(}cJ,IIo:,uI’r t:) i;.iijrov[,r.lli:I.c ,Lor’,ltii)n:. I,[!’igrl Ll lll[”:, ( l)c~~ii]ll
with Only the d12grbdI,diw~~l(~’idnd hf;uwlcd(je01 thu dcgr~dinq ~UIIL~l(M JI,d II:;JIIU ,,[dtijLlcs,

Onc rarely finds arI !m~qing ~xpcrirrlcnt in which ~(!p,]r,]t(?low-qu,llitv l~ict.,lr,,c,,11’IJobtd ined JIOIIII‘wiLII,]
high- qualily [!lulLi;)l(!;!XI)U’,IJI-LI.r: !u<LI!~ I.lli,,‘,l IJ(I!, i L I!I fII,(:r?:’,I!I’/ .,),11,:.t 11,(,l.111~t.,l[:il].;).l):,l)i,:II\,;,lJII.
IIk!ntWhi Ch l(!d LO 1~. [Iiit Iltfii.x is ,1 ;O ~I!I:ti l!l[, (.1. t.,, rl ,lL(; [,l(~r,ll. or ,!1 ! ,-,:,1. I;,, r?tl l{Ir f IJ’,11 ii.[’., ‘)[(:;]-,!,’:i,, !l)

racliogrdphy LIf ,r.ll,idlv I::IevInrIoh.j[,~.:.’,.idv.),i(f~,,i!),II:I;(!III-,1:.111’:.l:::,lllol\) l:’/ il.l,w, :Vl,ldl, It. ;!ll\!, i[lll’ L(I i’t.,),llli,,

numbers ot inten-,c Ipil.i IL:,Cr A I’,IYL‘I;nic.n ,11.1!(:105,.!IY\il,lC(?[]111 1.11,:(!.,.;I:,t) Ii)i> (.,ll)(ll)ilitv:Ilt.r,l-lll(]ilIIIII!II
CinCradi OgrJphy Wi ]I i]!!;)(J,(,1[11,7, ~’ Wi ]\ !).l[)(J?,,1[11(!to I)roLlu[:IIIJI.1(!,1,,’.thl’( 111 11[] 11’, I!(. hul’, )1. , I;T r,I(l!tiLIOII
over a time span of IJCL’WCCII‘1dnd l“u~; ;sec. LdLh r~diuLiull PLJ1>I!wuuld II,IVI:,In lnt(!n~ll.yot 1oo” !{,

In a singl:!-p!J]r,!?il~”;h radio qra:’!l{Lh(! u’,11,11ilmlqr!rv!corciin[lh(!dium i,,Iil!!lcoilL,lill(,(l III“,l,((,i,llI,1.,~11I.I,K.
Becaus(! of Lhc ‘,1.”I!III!(I‘w(>iqh!.01 1:(!,(! [i]!”’[ll !.,),. !.rl,,Iill:l(..IIII(,:I1[!fll.!ll~lL,ll!I!,!w(l’11III(!1)111:!(’,. 10 L,l}.,,
advdnldq(! of” thu IIIIIpli’ 11111’;I:1:,11::1iIi!v I)rin(ldI~vI~lfIpI.d l“(Ir {II( i 1{1 i.;t!i I I I( I I i Iv, it, ‘WIl\ ll(!l.()~, ,11’,’/ ;I) :11, -

velop l(!~hniIIIIIS11)1’r,:(:[]t’(lirl[iIIIJIIIIIII.,,1)1’X- I.ll~/im,l(](~i(:1(1,I;I’; !j!III~.(’llIII LI:v’. 1111,Il)i)roll,.h(.il,),,rllW,I, III
convcrl tllCA-r,)y ‘:,.1(111’;111 Lil ii,; ht. l,-’I)(:I!L, 11’’, 11111 II ! I: J[)I’l)’, (l)lll. \( t 1~1’fl. l.ir; tn. I rI; I;: I.111,rII JOI.,-I,, CIIIII ,:1.111111 I,.

th~n l.pcot,l,!~ W,II II: ,t ,I)rlv(!rl;l[]ll,lj II; (III -., [IIIII(I (JIII l.ro II II.,11 it~ il}[.1 I;!, i I i(, (l I I- Imin(l 1:,11111,1’,1. 5111( ’IT 1.1,1, (,11’( 11’(1-

opli cdl (.,llill)t’cl ihh:l!r~ “WUJ,,I:(IJI(’I’ !I:, II) c(jni,!IIIlil)ll,llI,Irliilt;l.,11)11,, dl,llI,li i,l;,lll[!11,,.(ot,l!1~)11 W,lr, Ill, (![l( ‘1. ill(

pcnctrntin(i Ililtll!’l> IJI A I’lIIj7 I111L12,, 1 :, i)(l~,;ll)l(,1.(,[,!,11;,!.I,IInVI,IIr.i(.n,]l}.–t.,l,/Ii1:::(.,1*.,(IL1(,1)1,lwlv,llItll, (,1):,’,:
and th:! Iluorl:t(.(rlt;I:II~IIII.111,} Il:,li(?I.[lCOI.]llll(]11,,ll(.il,) !I11:1;II)UIII III! IIIIL,)ul),~l!u),liLIOII III t..l,llo;r.l~;,l:1:1
each of Lho rd(li,l: iIIIIpIIl,,,!,. 1,1(II.,II:’lll)lll>lll.11,,111111kiol; l[l IIIIVI1:1)(!(,l,lritv(): I(Illv(,llliollillI’lil::~,;i~ I’, Il!IIH; I’, I;, II,/,

Thd possil)ilily (Ii fil)idilllll(] ttli,.,,,klillnndl inl,l!;ufur (!,IL,I1~(!ri(!’,01 lill)(!-t-(!~,oiv(!d I.,l(ll.)lll.,IIIII!,I::III,IJ,IL(,,I [III
5My ,

In Lhis r(’l)orl.WI’ will !IrII”,I’n! II,:’(I(II?II)f LIII’t’il{lio~lt’!l)lli(;I’XIM’I’IIIII)IIL1111111wlli~h
Thr sinlul,ll.i,)ll,11,,1 (.orlv(,,ll.i(llll

,.io!ill{llioll’i,11.11,ll’t”iv(’ll.
;I1l.:.:llll’,lllll,;. 1~11,ll(lo!’i:.l!:,l1:11’l“I’’,L,)I’,I1IuII1)1 Ltw ,I[,lt”,)(l(,,l111,1111,,((III11,11111,11

by t!lC lll(J][. i[)l Y- f’. illl”.l’[i I’,:11,11, k;ll’ :1:

Drcscnl. u(l. ill;!wOI’k (I(,IIwII’.LI’,I1(I:,LIIU

● ’”

Work P(!rt’IIrIrI’11 11:1111’I’ 1111’,’IJ’.l)i(.(’.,(Jr
No. lIIU!)-lN(i-.I~~.

(i(,:’iVO(I. IXl)l’rlll:llll, ll l’(,,,l .01 ,11 .11)11,, 01 I III! :,il;l,ll,ll(~[l i;::,l(l(,t.~ ,,41 I i III,

dfl’#JIIL, II II* ot u,,ill(l 111(1IIIU]Lilll(,-(~xl]lq,,(il.(!III lII(!!’(’’ilor,ll.iull ‘,c11(11:II).



[:nagc Model and Simlztions.—.—___ -——.-

The degraded, time-resolvcrl imancs ~re r~rrc.cnted as the convolution of the l,,idc~r~dcd images with a
pointsprea(! function. The noise is considered to be ci,lditivrand signal-i~dependent. Using matrix nGtationl
the degraded imdge is given by the expresslun

g,= Hfi+nO i ❑ 1,2,.. .N (1)

uhere gl represr:nts the degraded in!age md fi rcprcsenLs the input image. H is obta”lncd from the point spread
function and n is the noise term. The multiple exposut-e is given by the Pxpressio:l

N
fm=~ fi (2)

j=l

For ordinary light photogr~phy the quafitit,ics fi in Eq. (2) would bc light intensities. Forhiqh-energv
X rays recorded ,,,ir-ilootflti~rcscen[ inr,:!)sifica~icn GCIWIIJ tht? film density nf LM rn++m--a~ti is r]ropurtional
to the incident r~diation intert~ity. (~) ior~ rays the fj’~ in [G, [/j could be filtildensities.

We used threr photonr,]phs of similat- rjb,jectswith lar!]e rcqinns of relatively i]iqh density to ~inmlate the
fi’5. Figure 1 shl;,~sOIIe of th? fiiqitized 1:.aqe~. ‘ igure Z is the simuiatcd MUltllJl~-eX~CIsUW imdqc, ltlt
simulated pointsprcad funcLion was a ~dUsSidfl with d $tancl:!rdd(?viatl.n of 1.4 pixels. The noise flJnction wa>
a white, zero-n!edn Gaussidn with a stu:ldarc c,:vi~tiun ‘jt ~.d~ density IInits. The signal-to-noise ratio w~s
about 20 db. Figure 3 si]ti’xsthe jin;ulation Gf ont’ of trw degraded iwge’,.

\ .
11!1[1:!11M

E,lulllll

Ill Uml
mlliu lL.:11K7

- ‘“”‘~11-
4 Ii

....- ..—,

II
..{-izm~. ~

I *

L-.:’’””’== --1
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exposurc imagp (5cJ1c4)

r
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RESTORA1 10tihl!I’iki;}i!fl

One approach to rcstorlng tile gi’s is to seek dn ●::,til,late~1 wi~ich will minimize

f (9j - H;i)T(gi - H;l)

i=l

subject to the constraint

11 these equations IIi$ the number cf degraded inagcs, The solution is obt~incd ~;!r,; :a:r?n;c r~ltii)iicr~.
M“nimizc the quantity

i=l

.T .
with respect to the ~i’s. . IS a row v~ctor of N Lagi-ange mult
of s and as:uming til~t 1{-1 exists, lhc solution is

N[xfi = +’-t!-’gi + ;- f~ - ll-’g, 1

j+i=l ‘1

pliers. After ctirryinq rIuL Lllc

(5)

inimization

(6)

.

[Lfi = (1 ,x ([Ji) + : fti- - ,#/(lJ,

j#i

.
Sum the fi’s to obLain

f !l.l’t!rlLIJ ll:;, - .,

Jf

N

NQW consid~r the ru~~oration whidl mini:l!il(!~th[? CXll(![.L{!~V,IIIICoi” the l.ot.nlrrror I)rt.wcvntll(!
the ~i’s.

Minimirc:

I

E ~ [fi -

i=l

(7j

- “ii]T[ri - ;i]
I

(Y(l)



Minimize: (9b)

If one e~pands the t~rms irside the smnation, sums each term, differentiates with respect to l:, aild sets the
result equal to zero. Eq. (9b) becomes

N N

‘*W Zgi Xgi2(!i’)ff4Xgi
-1--- jti N i=l

Multiplying Eci. (10) by N/2,

Cym ~JT)l‘o
jfi

nctoring out W, and using the short h~nd g,ll= >: gi one finds

i=l

(lo)

(11)

Using Eq. (1) and ~ssuming L[fr,Ti - 0, tllcn [! figi’j = E(fifi TtlTi. With the usual a~sumpl.ion tha L the images

are independent [Ind drc drJwn fronl J ~l!ro mean ensemble, tl][!n[! fif,j1; = 0. If crgm icity llol(iL,

E{l”ifiT) = EIFjfjll. Therv l“urc, $ub~criptr c~n be dropped. W, the restoration fi1Lcr thmt pt-oduccs the min-

imum me~n squdrc error, is qivcn Liy

~{ ffT}llT
w = _ . .... .. .. -----

H E(ffT)tlT + [llnnT)
(12)

This i ) L,lc standflrd Wl(!~er fil Ll!roflcn us~d ill im~qr proccssinq. The ‘iItcr which minimi zrs Lhc IIK!IIII~qtidrc
error for the N im~qes WI th Lhu coNs Lra int is lhc fi Itcr which minimizes lhe medn ~uu,]re l!rror l-or l!ach im~l)u
separately.

RESU1 TS Or 11,1A(;[i’ROr!”SSING——-. .——. -—— ...— ------ .

We rcs Lorccl lhr~!e ‘iimul.1L[!d, dl!!]r,ldrdim,l[l(!r;u,,inq both [:(]nv(!nLion,lI Wi cn[!r r{!storation,; ,11111Lho ,ll~l)ro,](;ll
yivcn in [q. (7). 1,)1]1(. I ,jivf:,LIN? m(!,ln~,IIiI,IrI!urror hol,wIIIfI1.11(Itw~) r,!’;l.[]l”~l,i~lrl~,,Ind [Lhl’ll)’i(linlllih.,l,lu’,.
Figures 4--9 Lhuw rui.Lnr,lkiun p,llrs t’nr t.hc ttlrl’1’ \ imllllliol] ’i. I 1111 iml)rov(, ml,fl:- in the IIn!d II squdrII urtwr JII(I

the super iori LY of Lhi! coIIsLrd iwd ro’;t.or~liml IIPI!ti\Im l“urlh(!t”[’l,ll](jr,]tiull,

. .
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Fig. O. Image 3 restored using Fig. 9. Constrained restoration
Wiener Filter of Image 3
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